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Activity-Dependent Modulation of the Rate
at which Synaptic Vesicles Become Available
to Undergo Exocytosis
setting the strength of the depressed, steady state re-
sponse.
Factors that modify the time course for refilling the
readily releasable pool have not yet been identified. We
suspected that this process is under physiological con-
Charles F. Stevens* and John F. Wesseling
Howard Hughes Medical Institute
Molecular Neurobiology Laboratory
The Salk Institute
La Jolla, California 92037
trol because, as we report below, the refilling rate can
vary severalfold between cells. Here, we identify one
way in which the underlying refilling process can beSummary
modulated: the rate at which the readily releasable pool
refills after depletion is increased by synaptic activityThe number of vesicles contained in the readily releas-
through a calcium-dependent mechanism. Our observa-able pool at excitatory hippocampal synapses has re-
tions provide evidence for a novel type of short-termcently been identified as a major determinant of the
synaptic plasticity, one reminiscent of facilitation andstrength of these synapses. Here, we show that the
augmentation (reviewed by Zucker, 1989) in that therate at which this pool refills following depletion is
plasticity is activity dependent and is triggered by thevariable from neuron to neuron and can be increased
accumulation of intracellular calcium. This newly identi-by the accumulation of intracellular calcium during
fied phenomenon is, however, fundamentally differentaction potential±mediated activation of the synapses.
from the familiar forms of short-term plasticity; it resultsThe refilling rate nearly doubles during the first second
in the modulation of the total synaptic response to highof a high frequency train of action potentials and does
frequency bursts of action potentials but does not influ-not increase further with additional stimulation. During
ence the classically defined probability of release duringperiods of rest, the rate relaxes back to its original
low frequency synaptic activation when the readily re-value, with a time constant of about 10 s. Since this
leasable pool is full.refilling rate helps set the strength of synapses during
high frequency bursts of action potentials and is mod-
ulated by physiological signaling, it is an attractive Results
candidate point ofcontrol in the storageand manipula-
tion of information by the central nervous system. The experimentaldesign used for this study is conceptu-
ally simple. We monitor the refilling of the readily releas-
able pool at a population of synapses by completelyIntroduction
emptying the pool twice in succession while simultane-
ously recording the resulting postsynaptic currents; theRecent work has stressed the computational implica-
size of the pool at the time of the second measurementtions of decreases in synaptic strength that result from
reveals how much it has refilled since it was emptiedrepetitive activation of synapses (Thomson and Deu-
during the first measurement. We can then map out thechars, 1994; Markram and Tsodyks, 1996; Abbott et al.,
entire time course for refilling the pool with a series of1997; Varela et al., 1997). Such stimulation temporarily
measurements taken while we systematically vary themodifies the strength of synapses by decreasing the
interval between the end of the first pool depletion andprobability with which successive presynaptic action
the start of the second (Stevens and Tsujimoto, 1995).potentials cause the release of neurotransmitter (Ma-
By evoking action potentials before the refilling interval,gleby, 1987; reviewed by Zucker, 1989; Dobrunz and
we can determine the effect of presynapticaction poten-Stevens, 1997). This decrease in the probability of re-
tials on the refilling rate of the pool.lease is at least partially a consequence of the depletion
Our approach depends upon two special features ofof the quanta that are available for release, i.e., the
our experimental preparation that allow us to concur-ªreadily releasable poolº (Del Castillo and Katz, 1954;
rently (1) empty and monitor the refilling of the readilyRosenmund and Stevens, 1996). Once this limited sup-
releasable pool from a population of synapses with aply of vesicles is exhausted, the synapse can only re-
technique that does not depend upon a presynapticlease transmitter as fast as the pool can be refilledÐa
calcium increase and also to (2) induce action potentialsprocess that takes several seconds (Liley and North,
in the same synapses. By applying hypertonic solutions1953; Del Castillo and Katz, 1954; Takeuchi, 1958; Hub-
to synapses grown in culture, we are able to emptybard, 1963; Thies, 1965; Betz, 1970; Larkman et al., 1991;
and measure the readily releasable pool in a calcium-Katz et al., 1993; Thomson et al., 1993; von Gersdorff
independent way. Although exocytosis of synaptic vesi-and Matthews, 1994; Liu and Tsien, 1995; Stevens and
cles normally occurs in response to calcium influx intoTsujimoto, 1995; Rosenmund and Stevens, 1996)Ðand
the presynaptic terminal, the contents of the pool canhence, short-term depression results. The rate of refilling
also be released in a calcium-independent manner whenof the readily releasable pool is thus intrinsically involved
the terminals are challenged with a suitable hypertonicboth in determining how quickly synapses depress dur-
solution (Rosenmund and Stevens, 1996). Such an os-ing bursts of presynaptic action potentials and also in
motic shock does not affect the postsynaptic quantal
response size (Bekkers et al., 1990; Stevens and Tsuji-
moto, 1995), and so the contents of the pool can be*To whom correspondence should be addressed.
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measured up to a proportionality constant by simply
recording the synaptic currents evoked by hypertonic
challenge.
Our experiments use isolated hippocampal neurons
grown in tissue culture on small ªislandsº (Segal and
Furshpan, 1990; Bekkers and Stevens, 1991). When only
a single neuron occupies an island, it forms many syn-
apses with itself (called ªautapsesº), so that action po-
tentials evoked in the neuron cell body activate all of the
cell's synapses. By restricting our studies to autapses,
then, we can be sure that our nerve stimulation is di-
rected to the entire population of synapses used to esti-
mate pool refilling rates by application of hypertonic
solution.
Action Potentials Increase the Rate of Refilling
The basic phenomenon we study and our main observa-
tion are illustrated in Figure 1, where we display the
average time course with which the readily releasable
pool is refilled and document the increase in the refilling
rate after the induction of action potentials. The time
course of refilling was measured in five cells, both di-
rectly after the refilling rate had been increased by elec-
trical activation of the synapses and also when the refill-
ing proceeded at its baseline rate. For each experiment,
autapses werechallenged with hypertonic solution three
times in succession. The initial challenge served to
empty the readily releasable pool. The second challenge
Figure 1. The Readily Releasable Pool Refills More Quickly afterwas delivered at an experimentally varied amount of
Depletion if Presynaptic Action Potentials Have Been Previouslytime after the end of the first challenge and provided an
Evokedestimate for the amount of refilling in the experimental
The time course of recovery of the readily releasable pool wasinterval. The third application, delivered 30 s after the
monitored after depletion. The refilling of the readily releasable poolend of the second one (when refilling was complete),
was measured at various times (DT) after the application of a single
provided a final estimate of the pool size. During the osmotic challenge (application A1) with a second osmotic challenge
last second of the initial hypertonic challenge, a 10 Hz (A2), as illustrated in the diagram at top. The relative recovery of
train of action potentials was evoked on some trials. the pool was calculated by comparing theestimated pool sizeduring
challenge A2 (P2) with the estimated size after the pool had recov-The relative refilling of the readily releasable pool was
ered completely (P3) during a third hypertonic solution applicationcalculated separately for the two conditions (action po-
(A3) 30 s later. A fourth challenge (A4) was included 30 s after thattentials or no action potentials) by estimating the ratio
to provide a measure of the amount of rundown occurring in 30 s.of the pool contents measured from the second and
In the graph, fractional refilling is plotted as a function of time after
third hypertonic challenges. The refilling time courses the pool was completely emptied. The refilling (average 6 SEM for
were fitted with single exponentials. five cells, at least seven observations per data point) is fitted by a
We find that the time constant of refilling averaged single exponential, with a time constant of 3 s after high frequency
stimulation (HFS) (solid curve and closed circles) and 6 s withoutabout 3 s if presynaptic action potentials occurred and
HFS (solid curve and open circles). Since the time course of recovery6 s when the synapses had not been so stimulated.
after refilling rate increase returns to baseline over time, the acceler-On average, 1 s of 10 Hz stimulation was enough to
ated refilling should deviate slightly from a single exponentialtransiently double the refilling rate of the readily releas-
(dashed line assumes a relaxation time constant of 10 s for the
able pool. Note that, because the train of action poten- increase in the refilling rate).
tials came after 3 s of exposure to a hypertonic solution
that had mostly emptied the pool, almost no release
refilling in the time between a pair of challenges spacedwas evoked by the action potentials (see Rosenmund
at an invariant interval that is suitable for detecting theand Stevens, 1996). The speed-up of refilling by action
effect we were studying (2 s). The basic experimentalpotentials that cause almost no exocytosis indicates
design for most experiments, then, and our main obser-that something other than release per se is responsible
vation are illustrated again in Figure 2. The top tracefor the increased refilling rate. We return to this issue
indicates the times at which hypertonic solution wasin later sections.
superfused over a neuron's dendrites, and the recordsExperiments of the type illustrated in Figure 1 describe
below show the whole-cell currents that resulted fromthe refilling of the readily releasable pool most com-
the application. The large inward current that decreasespletely but have the disadvantage of requiring that indi-
to a low level during the application of the hypertonicvidual cells be subjected to many hyperosmotic chal-
solution is proportional to the rate of exocytosis (Ste-lenges over a relatively prolonged period, a procedure
vens and Tsujimoto, 1995), and the total charge transferthat causes mechanical stresses. For most of theexperi-
during this application (corrected for refilling of the pool)ments described in the following paragraphs, we there-
fore used the shortcut of estimating the extent of pool is proportional to the size of the readily releasable pool
Modulation of Releasable Vesicle Replenishment
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Figure 2. Action Potentials Accelerate the Refilling of the Readily
Releasable Pool after Depletion
Pairs of hyperosmotic challenges were applied to a patch-clamped
cell, as illustrated at the top of the figure. The first application emp-
tied the pool; the second provided an estimate of the amount of
refilling in 2 s. The response to the second application was greater
if action potentials were evoked during (A) or prior to (B) the first
application (upper traces), compared with when action potentials
were not evoked (lower traces; controls were recorded 3 min after
the experimental traces). Notice in (B) that the 50 action potentials
substantially depleted the pool, and hence the response to the first
hypertonic challenge was smaller in the experimental condition than
it was in the control. The current directly after the electrical stimula-
tion is an artifactof the autapse preparation and is mostly not quantal
release. These particular data were selected because the cell exhib-
ited a larger amount of action potential±induced acceleration of
refilling than most.
(Rosenmund and Stevens, 1996). When hypertonic solu-
tion is applied again 2 s after the termination of the first
application (Figure 2A, or just before it, Figure 2B), one
finds that only a slight refilling has occurred. If, however,
presynaptic action potentials are evoked during or be-
fore the first application of hypertonic solution, the in-
creased size of the second response reveals that the
pool has refilled to a greater extent in the 2 s interpulse
Figure 3. Stability of PoolSize and Cell-to-Cell Variation in the Refill-interval. Thus, the burst of action potentials has in-
ing Rate of the Readily Releasable Poolcreased the refilling of the readily releasable pool, as
(A) Example of the fluctuations and rundown in the readily releasablewe had previously determined by a more complete map-
pool over time. Pairs of hypertonic solutionpresentations weremadeping of the refilling time course.
repeatedly to a patch-clamped isolated cell that made synaptic
connections with itself (4 s long osmotic challenges, 2 s interapplica-
Repeatability of Pool Size Measurements tion interval). The relative contents of the readily releasable pool are
Our protocol involves repeated pool size measurements plotted as a function of time during the experiment. Closed circles
made onthe same population of synapses, so it is impor- give the pool size for the first application of each pair and open
circles for the second application. The scatter and rundown appar-tant to determine the variability in successive estimates.
ent in these data are typical.In Figure 3A, we provide an example of this experimental
(B) The average rate of release for the same cell as in (A) (measuredvariability for a single cell over 20 min. With repeated
as the amount of charge transfer per 200 ms bin) as a function of
pairs of hypertonic solution applications, we measured time. The diagram at the top indicates the time of the hypertonic
the size of the readily releasable pool in a population of solution applications.
autapses. Each hypertonic solution presentation lasted (C) The number of cells (out of a sample of 32) that refilled their
readily releasable pool, with the time constant indicated on the4 s, and there was a 2 s interval for recovery between
abscissa.the first and second application of each pair. The pairs
of applications were repeated at 1 or 3 min intervals
(see Figure 3A). The normalized content of the readily charge transfer; see Experimental Procedures) and is
plotted as a function of time during the experiment. Justreleasable pool was estimated from the integral of the
synaptic current over each 4 s application (the total as with action potential±evoked synaptic currents, one
Neuron
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notices a slow decline in response size (i.e., in pool size)
over the period of observation, a phenomenon termed
ªrundown.º In the illustrated experiment, the rate of de-
cline is slightly less than 1.2% per minute. When cor-
rected for this rundown, the coefficient of variation for
repeated measurements of pool size is 0.05 in this case.
These values are typical of all of the experiments re-
ported here. In 25 cells for which the size of the readily
releasable pool was estimated over time, the amount of
rundown ranged from 0%±4% (average 5 1.6%, with a
standard deviation of 1.2%) per minute, and the coeffi-
cient of variation for successive estimates of pool size
ranged from 0.003±0.14 (average 5 0.07, with a standard
deviation of 0.04).
Cell-to-Cell Heterogeneity in the Baseline Refilling
Rate of the Readily Releasable Pool
Since the complete time course for refilling of the readily
releasable pool is well approximated by a single expo-
nential (see Stevens and Tsujimoto, 1995, and Figure
1), we estimated a refilling time constant from data of
the sort illustrated in Figure 3B. For 32 different neurons,
we find that the baseline time constant of refilling (i.e.,
without nerve impulse activity) varied across cells from
z3 s to as long as 16 s (Figure 3C), with a mean value
of 5.7 s and a coefficient of variation of 0.51.
Synaptic Activation Does Not Change
the Quantal Size
We have estimated pool refilling from the total charge
Figure 4. Quantal Size Is Constanttransferred by the release caused when hypertonic solu-
Pairs of hyperosmotic challenges, as illustrated by the diagram attion is applied. This method for estimating pool size
the top of the figure, were given to isolated cells that respondedassumes that the average size of the miniature excit-
with easily distinguished mEPSCs. Twenty action potentials wereatory postsynaptic currents (mEPSCs) is unaffected by
either omitted (control) or included during the first 2 s of the first
our manipulations. Stevens and Tsujimoto (1995) report application.
that the hypertonic application itself does not affect the (A) Cumulative and noncumulative histograms of mEPSC size with
(crosses for cumulative histogram) and without (open symbols forsize of the mEPSCs. But, to be sure that our estimates
cumulative histogram) action potentials; the conditions for the non-of relative pool size by charge transfer are valid for this
cumulative histograms are symbolized as indicated in the figurestudy, we must know if hypertonic solution application in
key.
combination with action potential occurrence also leaves (B) Average rate of mEPSC occurrence as a function of time during
mEPSC size unaffected. In the experiments described application of hypertonic solution with (crosses) and without
so far, individual mEPSCs could not be clearly resolved, (squares) action potentials. Data are combined from seven experi-
ments on two cells.because isolated neurons typically have many autapses
and a total releasable pool that contains many hundreds
of quanta. In most preparations, then, many vesicles of the experiments (presynaptic action potentials) with
undergo exocytosis nearly simultaneously in response the ones measured during the control phase (no presyn-
to hypertonic challenges, and thus individual events are aptic action potentials) shows that the electrical stimula-
obscured. tion does not affect the mEPSC size (Figure 4A), but it
To make sure that the apparent increased refilling does substantially increase the mEPSC rate (Figure 4B)
rate found after electrical stimulation is not caused by during the second hypertonic challenge of each pair.
a confounding increase in the quantal size during the Experimental manipulations were interleaved, and the
hypertonic challenge, cells with a small number of au- experimental condition always followed the control con-
tapses were sought in which the individual mEPSCs dition by at least 60 s. This protocol ensured that any
could be identified throughout the application of hyper- measured increase in the quantal rate during the experi-
tonic solution. For all experiments, the readily releasable mental condition could not be the inadvertent result of
pool was emptied twice by a pair of hypertonic solution the small amount of rundown in the quantal content of
applications with a 2 s interapplication recovery period. the readily releasable pool that sometimes occurs over
A train of action potentials lasting 2 s (10 Hz) was in- time (see Figure 3). We conclude, then, that electrical
cluded or omitted at the beginning of the first osmotic stimulation does not affect the size of the quanta within
challenge, and the quantal rate and size were measured the readily releasable pool but instead increases the
during the second osmotic challenge of each pair. A rate at which the pool fills afterbeing depleted. Through-
out this study, we took advantage of this fact by usingcomparison of the quanta released during the test phase
Modulation of Releasable Vesicle Replenishment
419
Figure 6. More Intense Electrical Stimulation Is Needed to Saturate
the Refilling Rate in Low Calcium
Relative rates of refilling as a function of the number of action poten-
tials presented during the first hypertonic challenge (stimulation
Figure 5. Refilling Acceleration Saturates after z10 Action Poten-
pattern diagrammed at top of figure). Crosshatch bars represent
tials (10 Hz)
experiments carried out in 2 mM Mg21 and 0.25 mM Ca21, and solid
Extent to which the readily releasable pool refills in 2 s as a function bars represent experiments carried out in 2.6 mM Ca21 and 1.3 mM
of the number of action potentials (average 6 SEM; six cells, at Mg21 (average 6 SEM; at least four cells, seven trials per data point).
least five trials per data point, except for measure after 15 action
potentials, which was done only three times). The pattern of hyper-
tonic solution application and action potential generation is dia-
the 2 s starting 4 s after the electrical stimulation, com-grammed at the top of the figure.
pared with the amount that occurred in the 2 s interval
between the third and fourth osmotic challenges. If ig-
nored, the small amount of rundown that typically occursthe current integral of the hypertonic solution±evoked
in the 3 min interval between the first and second pairsresponse (the charge transfer corrected for refilling) to
of hypertonic challenges would have caused a slightcalculate refilling of the readily releasable pool at various
overestimate of the actual effect. The basic measuretimes after electrical stimulation (see Experimental Pro-
was therefore corrected by the estimated rundown (6%cedures).
in this case) that was calculated as the ratio of the
estimated readily releasable pool contents during the
first application, compared with its size during the thirdRefilling Rate Reaches a Maximum during the First
osmotic challenge for the conditions when there hadSeveral Seconds of High Frequency Stimulation
been no action potentials fired immediately before theWhat duration of stimulation is required to produce a
first challenge. As illustrated in Figure 5, the rate ofmaximum acceleration of refilling? To answer this ques-
refilling of the readily releasable pool increases mono-tion, we examined the modulation of the refilling rate
tonically with the length of the preceding electrical stim-produced by high frequency action potential trains of
ulation until it achieves its maximum value after stimula-various durations. The refilling rate was estimated, as
tions made up of as few as 15 action potentials.before, by paired applications of hypertonic solution
(each application lasted 4 s). The first pairwas presented
immediately after the electrical stimulation, and the sec- 10 Hz Stimulation Is Sufficient to Produce
a Maximum Refilling Rateond pair was applied 3 min later, after the refilling rate
had returned to its baseline value. The first application Stimulation with frequencies above 10 Hz does not in-
duce much of a further increase in the rate of refillingof each pair emptied the pool, and the second applica-
tion then provided an estimate for the amount that the (Figure 6). In experiments similar to the ones described
above, the effects of saturating numbers of action po-readily releasable pool refilled in the 2 s interpulse inter-
val. The modulation of the refilling rate was quantified tentials on the refilling rate induced at 10 Hz and 50
Hz were compared. For these experiments, the actionas the ratio of the amount of refilling that occurred in
Neuron
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potentials were induced during the final 3 s of the first
hypertonic solution application. Even though the au-
tapses received five times the stimulation at 50 Hz as
they did at 10 Hz, the 10 Hz stimulation was sufficient
to modulate the refilling rate nearly as much as the 50
Hz stimulation.
When cells were bathed in a solution with reduced
calcium concentration, however, more intense stimula-
tion was required to saturate the refilling rate (Figure 6).
Identical experiments were conducted on a separate
set of cells that were bathed in a low calcium±containing
solution (.25 mM Ca21, 2 mM Mg21). Under these condi-
tions, the refilling rate did not achieve its maximum dur-
ing 10 Hz stimulation but did so when the action poten-
tials were induced at 20 Hz (for 10 s). This result implies
that some action of calcium ions plays a role in causing
the activity-induced increase in the refilling rate of the
readily releasable pool.
Chelation of Intracellular Calcium Blocks the
Activity-Induced Acceleration of the Refilling
Rate of the Readily Releasable Pool
We sought to test the hypothesis that the intracellular
accumulation of free calcium ions that occurs during
high frequency stimulation isnecessary for the observed
acceleration in the refilling of the readily releasable pool.
Experiments similar to the ones described above were
performed on isolated cells several times before and
after the cells were bathed in either 100 mM EGTA-AM
(solubilized in DMSO) or merely DMSO (1:1000, 5 min).
EGTA-AM treatment did not alter the baseline refilling
rate or the size of the readily releasable pool, but it did
block the acceleration that was originally induced when
20 or 30 action potentials were fired either at the begin-
ning or at theend of the first hypertonic challenge (Figure
7). Exposure to DMSO alone did not alter release, refill- Figure 7. Effect of EGTA on Refilling
ing, or the acceleration of refilling produced by action Cells were stimulated electrically at 10 Hz for either 2 or 3 s before
and after exposure to EGTA-AM or DMSO alone. The induction ofpotentials.
action potentials was timed to coincide with either the start or theUnder some conditions, intracellular calcium chela-
end of the first hypertonic challenge.tion has been shown to lessen the amount of action
(A) The average relative refilling rate is plotted against the variouspotential±triggered neurotransmitter release, in addition
conditions, as indicated. Exactly when the electrical stimulation was
to reducing the resulting intracellularcalcium concentra- induced during the first hypertonic application did not significantly
tion (Adler et al., 1991; Cummings et al., 1996), but this affect the observed increase in the refilling rate, and so the data
were pooled (average 6 SEM; six cells, at least 15 trials for EGTA-dampening effect on the release process itself cannot
AM comparisons, three cells, at least five trials for DMSO-aloneaccount for the blocking action of EGTA described here.
comparisons). Asterisk indicates statistical significance (p , 0.001,As we noted above, this possibility seemed unlikely,
two-sample t test for independent samples with unequal variances).since a short train of action potentials is sufficient to
(B) Summed action potential±coupled synaptic responses during
increase the refilling rate of the readily releasable pool, the electrical stimulation for two conditions. The dotted trace repre-
even when the action potentials are induced at the end sents the responses to 20 action potentials delivered during the
final 2 s of the first hypertonic application (A1), before exposure toof a hypertonic challenge (when they cause the release
EGTA-AM. The solid trace represents the responses to 20 actionof only a small amount of transmitter, compared with
potentials delivered during the initial 2 s of A1, after exposure tothe amount released by the osmotic shock). Neverthe-
EGTA-AM (average across three cells).less, we devised a direct test of the possibility that EGTA
prevents the increased refilling rate by simply diminish-
ing the amount of action potential±mediated neurotrans- concentration of residual calcium. In same-cell controls,
after EGTA-AM exposure, the 20 action potentials deliv-mitter release. We induced action potentials (2 s at 10
Hz) either at the beginning of the first hypertonic presen- ered at the start of the first hypertonic application trig-
gered the release of at least five times more transmittertation or after the readily releasable pool had mostly
emptiedÐduring the last 2 s of the osmotic challengeÐ than the electrical stimulation at the end of the first
hypertonic application, before EGTA-AM treatment (Fig-before and after exposing the preparation to EGTA-AM.
In this way, we could independently vary the amount ure 7). Exposure to EGTA-AM, however, completely
blocked the increase in the pool refilling rate inducedof action potential±coupled transmitter release and the
Modulation of Releasable Vesicle Replenishment
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Figure 8. The Relative Rate of Refilling of the
Readily Releasable Pool as a Function of the
Time after Induction of Action Potentials
The stimulation protocol is diagrammed at
the top of the figure. The data are fitted with
a single decaying exponential with a time
constant of 10 s (average 6 SEM; three cells,
at least three trials per data point).
by the action potentials under both conditions; the refill- the removal of free calcium from the presynaptic termi-
nal. This process can take up to 20 s in some prepara-ing rate was accelerated to the same extent by both
types of electrical stimulation before the application of tions after the type of stimulation protocols used here
(i.e., a 7 s time constant of decay [Zucker, 1989; DelaneyEGTA-AM, and this increase was blocked by the treat-
ment with calcium chelator (p , 0.05 for all comparisons and Tank, 1994; Wu and Saggau, 1994; Tank et al., 1995;
C. F. S and J. F. W., unpublished data]). As in the experi-before and after exposure to EGTA-AM, two-sample t
test for independent samples with unequal variances; ments described above, changes in the refilling rate
were monitored by measuring the proportion of thethree cells, at least five trials for each condition). The
action potential±triggered release had no discernible readily releasable pool that refilled in the 2 s directly
after being depleted and subsequent toelectrical activa-effect upon the induced acceleration of the refilling rate
of the readily releasable pool or upon the ability of EGTA tion of the synapses. Action potentials were induced at
10 Hz in autapses for one 1 s, and two pairs of hypertonicto block the effect. Since this type of treatment with
EGTA-AM blocks the slowly decaying intracellular accu- challenges were applied at various times later. The ex-
perimentally controlled variable in these experimentsmulation of free calcium (Regehr et al., 1994; Alturi and
Regehr, 1996; Cummings et al., 1996), these results im- was the time between the end of the electrical stimula-
tion and the beginning of the second osmotic challengeply that it is the low level of residual calcium remaining
in a terminal after electrical activation that signals the of the first pair. This challenge provided an estimate for
the amount of refilling that occurred in 2 s at variousincrease of the refilling rate of the readily releasable
pool. times after electrical activation and was compared to
the estimate of the amount that the pool refilled in 2 s
when the refilling rate was at its baseline value (3 minRefilling Rate Relaxes Back to Baseline
after electrical stimulation). In these experiments, hyper-with a Time Constant of z10 s
tonic solution was applied to the synapses a fifth time,How long does the refilling remain accelerated? The
3 min after the end of the second pair of applications,relaxation time would be important for any functional
so that rundown could be calculated by comparing thesignificance the modulation of the refilling might have.
pool size estimated with this manipulation to the sizeFurthermore, if the intracellular calcium concentration
during the first challenge of the second pair. As illus-regulates the refilling rate, we would expect this rate to
take at least as long to return to baseline as it takes for trated in Figure 8, the increased refilling rate relaxes
Neuron
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relaxes to a baseline value approximately exponentially,
with a time constant of 10 s.
For simplicity, we have described the readily releas-
able pool recovery from depletion with a single exponen-
tial time course (Geppert et al., 1994; Rosenmund and
Stevens, 1996; Stevens and Tsujimoto, 1995). Here, we
show that that time course is shortened by electrical
activation of the synapses. We do not claim, however,
that the underlying biological process is necessarily a
single one of the first order because other, more compli-
cated models could easily be developed that would fit
the data at least as well (Stevens and Tsujimoto, 1995).
What Is the Mechanism?
Since the increased refilling rate measured here is les-
sened or blocked when the residual intracellular free
calcium transient is reduced or chelated, and since the
Figure 9. Plot of the Baseline Refilling Rate Constant versus the effect relaxes back to baseline with a time course that
Accelerated Rate after a Saturating Train of Action Potentials for is at least as long as that of the residual calcium that
27 Cells remains in the presynaptic terminal after electrical stim-
The dotted line has a slope of one. Points falling on the line represent ulation (Tank et al., 1995), free calcium likely plays a
cells that did not accelerate; points above the line represent cells
central role in modulating the rate at which the readilythat did. We did not encounter any cells with readily releasable
releasable pool refills. The effect is blocked by EGTA, apools that were caused to refill more slowly by electrical stimulation.
calcium chelator that buffers calcium much more slowly
than the diffusion-limited binding of calcium to the ef-
fector responsible for activating the final step in exo-back to baseline, with a time course well approximated
cytosis (LlinaÂ s et al., 1981; Zucker and Fogelson, 1986;by a single exponential with a 10 s time constant2a
Adler et al., 1991; Regehr et al., 1994; Alturi and Regehr,time course that is at least as long as the decay of
1996; Cummings et al., 1996; reviewed by Neher, 1998),free calcium in the presynaptic terminal (Zucker, 1989;
and so the mechanism involved in this phenomenonDelaney and Tank, 1994; Wu and Saggau, 1994; Tank
must have a separate molecular trigger. We have shownet al., 1995; C. F. S. and J. F. W., unpublished data).
that the trigger cannot be driven by the release processThis timecourse of decay is consistent with the hypothe-
itself, because EGTA blocks the rate acceleration in asis that the clearance of free calcium from the terminal
fashion that is independent of thequantity of exocytosis.is rate limiting for the relaxation of the refilling rate.
Taken together, these results indicate that the slowly
decaying component of residual calcium in the terminalHeterogeneity in the Amount of Modulation
is sufficient to drive the increased refilling of the readilyFor individual cells, the amount of increase in the readily
releasable pool. The molecular identity of the effectorreleasable pool refilling rate is variable and not highly
in question is unknown, but free calcium concentrationcorrelated with the baseline refilling rate (Figure 9). The
transients are known to activate several classes of en-refilling rates of some cells were not much increased
zymes and participate in a variety of signaling cascadeseven by saturating stimulation protocols, whereas the
(Delaney and Tank, 1994; Kamiya and Zucker, 1994).refilling rates of others accelerated more than 5-fold with
Whatever the mechanism, it may be related to the onenerve stimulation. We never encounteredan isolated cell
responsible for the calcium-dependent mobilization ofwith a readily releasable pool that refilled more slowly
vesicles in chromaffin cells studied by Neher and Zuckerafter synaptic activation by nerve impulses, however.
(1993) and von RuÈden and Neher (1993), who report that
the addition of granules to the release-ready pool isDiscussion
speeded by increased intracellular calcium. Although
this earlier observation appears similar to the one weOur results show that the refilling rate of the readily
have described here, a detailed comparison of the tworeleasable pool is heterogeneous from cell to cell and
effects is precluded by uncertainties about the corre-can be modulated by physiologically relevant activity.
spondence between the pools in chromaffin cells andAction potentials cause the readily releasable pool to
synapses.recover more quickly from depletion than it would were
the rate unregulated, an effect that may be similar to
the one described by Kusano and Landau (1975) at the Refilling Rate Limits Release during High
Frequency Stimulationsquid giant synapse. This speed-up of refilling depends
upon the accumulation of calcium that remains in the The refilling rate of the readily releasable pool limits
the amount of transmitter exocytosis during long highterminal for a fraction of a minute after high frequency
electrical activation of the synapses. During continued frequency stimulations. Rosenmund and Stevens (1996)
showed that synaptic strength is a function of the full-high frequency stimulation, the refilling rate reaches its
maximum within the first second or two of stimulation. ness of the readily releasable pool and that high fre-
quency trains of action potentials eventually empty it.Under the conditions tested here, the rate of refilling
Modulation of Releasable Vesicle Replenishment
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high glucose (20 mM) media containing 10% horse serum for 8±14This depletion presumably occurs because the average
days before use.rate of exocytosis exceeds the rate of refilling. Depletion
Autapses were patch clamped in perforated whole-cell mode. Theof the readily releasable pool is therefore one of the
extracellular saline solution usually contained (in mM) 132 NaCl, 2
underlying causes of short-term depression, because KCl, 10 glucose, 15 sorbitol, 10 HEPES, 1.3 MgCl2, and 2.6 CaCl2.
once emptied, synapses can only release transmitter at A few experiments were conducted with 2 mM MgCl2 and .25 mM
CaCl2 instead. D-APV (50 mm) was added to block NMDA-type gluta-the slow rate at which fresh vesicles enter the pool.
mate currents. The patch-clamp electrode was filled with a solutionWe show here that although the refilling rate is modu-
containing (in mM) 140 K Gluconate, 9 NaCl, 0.2 CaCl2, 1 MgCl2, 10lated by action potentials, it becomes stationary after
HEPES, 1 EGTA, 2 MgATP, and 0.2 Li-GTP. Amphotericin (0.1 mg/the first several seconds of a high frequency stimulation;
ml, B-solubilized, Sigma) was added to permeabilize the patch mem-
further increases in the rate of stimulation do not result brane to ions. All salines were adjusted to have a pH of z7.2 and
in a corresponding higher level of acceleration. There- had an osmolarity between 295 and 305 mOsm/Kg. Uncontrolled
action potentials were evoked presynaptically by transiently depo-fore, at times during a high frequency stimulation when
larizing the cell bodies as described earlier (Bekkers and Stevens,the readily releasable pool is already empty, the average
1991). Stimulation rates reported in the text are accurate to withinrate of exocytosis should be equally insensitive to the
610%. Hypertonic solution (normal extracellular saline augmentedrate of action potential firing in a high frequency train.
with 500 mM sucrose) was applied by picospritzing from a glass
This prediction was tested directly by Abbott and col- pipette with a tip diameter of 2±3 mM. A vacuum pipette with a
leagues (Abbott et al., 1997) in central nervous system diameter of 10±50 mm was used to clear the hypertonic solution
rapidly from the preparation.synapses. They showed that the steady state action
Application of hypertonic solution to synapses results, as shownpotential±coupled responses of synapses in cortical
in Figure 2, in a large transient increase in release rate (interpretedslices during long trains of high frequency stimulation
as exocytosis of the readily releasable pool), followed by a lowwere inversely proportional in size to the rate of stimula-
steady-state trickle (interpreted as the amount of refilling and subse-
tion; i.e., assuming the quantal size was stationary dur- quent exocytosis that proceeds with time; see Stevens and Tsuji-
ing their experiments, the total rate of exocytosis was moto, 1995). We estimated the readily releasable pool from the
charge transfer during the transient. Specifically, the total chargeconstant and independent of the frequency of stimu-
transfer over the periodof hypertonic solution applicationwas calcu-lation.
lated, and the charge transfer (over the same period), owing to a
release rate equal to the steady-state value, was subtracted to give
an estimateof thepool size. This method results ina slight underesti-Long-Term Modulation
mate of pool size, because it overestimates the refilling at the startWe have shown that the refilling rate of the readily releas-
of the hypertonic challenge (if the pool is full and there are no
able pool can be modulated in a transient fashion by vacancies to refill), but the estimates are always proportional to
synaptic activity, but that the amount of this modulation pool size.
was quite variable from cell to cell. In a few cells, the
rate did not change at all after electrical stimulation,
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